ABSTRACT: In the present study, transport mechanisms of various binary 1 systems such as alcohol-hexane, alkane-hexane, lipid-hexane, and diesel 2 fuel-kerosene systems through a PDMS-based dense membrane were investigated 
ABSTRACT: In the present study, transport mechanisms of various binary The membrane process is remarkably simple, offering many advantages over 2 other separation processes (e.g., distillation). These advantages include low energy 3 consumption, ambient temperature operation, and retention of nutrients. Therefore, 4 this process has been applied mainly to aqueous systems in various industries.
5
Recently, many researchers have attempted to apply membrane technology to 6 non-aqueous systems, due to the development of a solvent-resistant membrane. In 7 particular, a dense nonporous membrane has been widely applied to gas separation 8 [1] [2] [3] , pervaporation [4, 5] , and nanofiltration [6, 7] . We also employed a 9 PDMS-based dense membrane for purifying crude vegetable oil [8, 9] , used frying 10 oil [10, 11] , fish oil [12] , and crude fatty acids [13] . We propose that membrane 11 technology has the potential to become an alternate process in the oil and fat observed in the vegetable oil-hexane system [20] . These observations confirm that 13 the transport mechanism follows the SD model.
14
In contrast, we first proposed a transport mechanism for a single organic The diffusive transport across the membrane, represented by the flux J, is 21 described by a diffusion coefficient D, and a concentration gradient (dC/dz),
22
according to Fick's First Law.
The desorption at the downstream (permeate side) interface (z = : membrane 3 thickness) is described by a solution equilibrium using the pressure of the 4 permeation-side p p , and the concentration of permeation-side C p.
When constant boundary conditions (p f , p p ) are applied after a certain time, a 9 steady state is reached and, assuming concentration-independent transport 10 coefficients D and S, a linear concentration profile with a constant concentration 11 gradient is established.
12
The flux in the steady state is
Introducing the solubility coefficient one obtains
The concentration gradient leads to the production of an osmotic pressure, ,
21
according to the van 't Hoff law.
where, R is the gas constant and T is the temperature. The osmotic pressure 2 definition is inserted into Eq. (5). 
7
In adopting the SD model, it is implicitly assumed that the rates of adsorption 8 and desorption at the membrane interface far exceed the rate of diffusion through 9 the membrane [14] . Therefore, accurate characterization of the solubility of a 10 given solvent in a membrane polymer is very important.
11
In order to develop the solution model, the membrane interface of the feed-side 12 was noted, and the binary solvents in the present case were assumed to be 
20
The RS model characterizes the solubility, which is the S value in Eq. (7) 21 derived by the SD model. By combining Eq. (7) with Eq. (9) and replacing x/ 22 with S, the following equation is obtained: gradient. This assumption is also adopted in the pore-flow model [14] . 
19
The total (weight) permeate flux J T kg/(m 2 h) was calculated as follows:
where W is the amount of the permeate (kg), A is the effective membrane area 24 (0.0032m 2 ), and t is the permeation time (h). The composition of all solvent-hexane systems except the oleic acid-hexane 10 and triolein-hexane systems, and of the diesel fuel-kerosene system, were 11 determined using packed gas chromatography (GC 9A, Shimazu Corp.), injecting 12 a 2 L undiluted sample for the alkane-hexane and alcohol-hexane systems, or a 2
13
L sample diluted with n-pentane by five times for the diesel-fuel-kerosene system.
14
The operating conditions of these systems are summarized in Table 2. The   15 packing materials used were polystyrene, polyethylene glycol, and silicone-based 16 particles, which correspond to the Gascuropack 54, PEG-20 M, and Silicone 17 SE-30 products, respectively (GL Sciences, Tokyo) ( Table 2 ). The carrier gas was 18 nitrogen, and the detector was FID (Table 2) . A constant-temperature or 19 programmed-temperature method was adopted, depending upon the binary system 20 ( Table 2) .
21
The composition of the oleic acid-hexane and triolein-hexane systems was 
17
The percentage rejection PR (%) of solvent, which is the common term for the 18 selectivity in the membrane, was defined as
where X is the weight fraction of solvent in the feed and Y is that in the permeate.
23
When there were no data in the literature [13, 21] for the solubility parameter , 24 such as n-paraffin containing diesel fuel or kerosene, the group contribution 1 method for predicting the solubility parameter was adopted. The following 2 formula is given by [26]:
where E coh is the internal energy and V g is the molar volume for each structural 7 group. The value was calculated using the group contribution value of E coh and V g 8 as listed in Table 3 [24]. The PD of the alkane-hexane and diesel-fuel-kerosene systems is 1.0 to 2.5%, 4
while that of the alcohol-hexane systems is 5.5 to 11%, indicating a slight 5 reduction during the membrane process. The PD of the oleic acid-hexane system 6 is 19%, and that of the triolein-hexane system is 44%, indicating a remarkable 7 decrease compared to the other systems. Table 4);   19 that is, hexane is preferentially passed through the membrane over alcohol or lipids.
20
The pronounced reduction in total flux of the alcohol-hexane and lipid-hexane 21 systems compared to that of the alkane-hexane systems during the membrane 22 process (Fig. 3) is due to the increased solvent concentration of the retentate during 23 the membrane process. These tendencies are particularly remarkable in the 24 triolein-hexane system. In almost all hexane-diluted systems, an optimum X value 1 that leads to maximum J s is observed (Table 4) .
2 Table 5 presents the composition of n-paraffin and V m and J T values for the 3 diesel fuel-kerosene system. The solubility parameter of each n-paraffin n-p , 4 calculated by Eq. (20) , and the | mem -n-p | values are also presented in Table 5 .
5
The distribution of n-paraffin in kerosene is C 8 -C 17, and that in diesel fuel is C 8 -6 C 26 , the | mem -n-p | value of each n-paraffin is within 1.3 (J/cm 3 ) 1/2 (Table 5 ). The 7 composition of n-paraffin in feed and permeate is similar in all 8 diesel-fuel-kerosene systems (Table 5) . As mentioned before, the almost constant 9 total flux course of both the diesel-fuel-kerosene system and the alkane-hexane 10 system ( Fig. 3) is due to the almost constant composition of the retentate during 11 the membrane process. However, the permeate flux decreases with an increase in 12 the proportion of diesel fuel (i.e., an increase in V m value) (Table 5) . 
19
This is due to the change in composition of the retentate as the process proceeds.
20
However, since the changes appeared very smooth and continuous ( 
23
In contrast, in all alcohol-hexane systems except the hexanol-hexane system, 24 the J T and J hex values did not decrease with the M m value (Table 4 ). In these 1 systems, the permeability cannot be explained entirely by the diffusivity. the alkane-hexane systems (Fig. 4) .
In the lipid-hexane systems, an approximately linear relationship exists 24 between ln(J T ) and V m /RT for the oleic acid-hexane system but not for the 1 triolein-hexane system depicted in Fig. 4 . However, by removing the data for 2 undiluted triolein, the approximate line for the triolein-hexane system can be 3 perceived as being in agreement with a similar line for the oleic acid-hexane 4 system (Fig. 4) . The plots of ln(J hex ) and V m /RT for both systems exhibit a linear 5 relationship (Fig. 4) , whereas some deviation of the relationship is detected for the 
where and are the intercepts on the vertical axis and the slope (Fig. 4) . This 10 section discusses a physical meaning for " " and " " in this equation. 
20
In the alcohol-hexane systems, corresponds to the reciprocal of M m (Table   21 6), indicating that the flux may be mainly dependent on the diffusivity by 22 assuming a constant value of osmotic pressure for each system, whereas the 23 values are similar ( Table 6 ), indicating that the mean degree of swelling is 24 constant.
1
In the alkane-hexane and diesel fuel-kerosene systems, can be assumed to 2 be 0 because no concentration gradients through the membrane (the PR values) are 3 observed (Table 6 ). The degree of swelling of the systems would be the same 4 because of the similar values (Table 6 ). The value of the diesel fuel-kerosene 5 system is somewhat higher than that of alkane-hexane system, despite the smaller 6 reciprocal M m (Table 6 ). This is presumably due to the wide distribution of the 7 molecular weight for the diesel fuel-kerosene system and a slight difference in the 8 membrane properties.
9
As a comparison of the oleic acid-hexane system with the alkane-hexane (or 10 the diesel fuel-kerosene) system, the values of both and for the oleic 11 acid-hexane system are larger than those of the other systems (Table 6) system is less than in the alkane-hexane system (Table 6 ). Moreover, osmotic 17 pressure will exist in the oleic acid-hexane system because of the positive value of
18
PR, but not in the alkane-hexane (or diesel fuel-kerosene) system (Table 6 ).
19
According to the combined model expressed as Eqs. (10) 
12
In the present study, we attempted to characterize the selectivity using the 13 coefficient of enthalpy for solvent-hexane, solvent-membrane polymer, and 14 hexane-membrane polymer.
15
In an alkane-hexane system, the mutual solution state is treated as "a perfect (Table 7) . In lipid-hexane 6 systems, the preferential permeations of hexane are remarkable, despite the fact 7 that the coefficient of enthalpy for solvent-hexane (0.1 to 1.7 kJ/mol) and 8 solvent-membrane (0.5 to 3.5 kJ/mol) is lower than that for the alcohol-hexane 9 system (Table 7) . This result may be a result of the major difference in the 10 structure of solvent and hexane, corresponding to entropy mixing [28] . X , Y , M m , V m, |d mem -d m |, J T , J hex , J s and PR values of solvent-hexane system (25  o C, 1 b PR is regarded as 0 because there is no change in n-paraffin composition. Table 6 . a and b , reciprocal of M m, and mean of PR (for total flux) a a a , the intercepts on the vertical axis in Fig. 4 ; b , the slope in Fig. 4 ; for other abbreviations see Table 4 . , coefficients of enthalpy of solvent-hexane, solvent-membrane polymer and hexane-membrane polymer, respectively; for other abbreviations see Table 4 . 
